months, were processed as previously described [11] . Immediately after euthanization, freshly enucleated eyes were cut along the limbus to separate the ciliary body and the lens from the retina and the RPE/choroid. The retina was then separated from the RPE/choroid, and each tissue was stored separately in RNAlater at −20 °C. Minor modifications for frozen eyes consisted in thawing them overnight in RNAlater ICE (Ambion,Carlsbad, CA) and subsequently moving them to RNAlater (Sigma-Aldrich, St. Louis, MO) followed by dissection, as described above. For in situ hybridization experiments, fresh mouse eyes were collected and processed for paraffin embedding. Each age group had three animals as biologic replicates. Research was conducted in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. This research was authorized by the Institutional Animal Care and Use Committee at the University of California, Davis, CA.
RNA extraction and real-time PCR:
Total RNA and microRNA fractions from the retina and the RPE/choroid were extracted and purified using the Qiagen miRNeasy isolation kit (Qiagen, Valencia, CA) following the manufacturer's protocol for separate purification of these two RNA populations. The quantity and quality of RNAs in each fraction were checked using the Agilent 2100 BioAnalyzer RNA kits: the Agilent Small RNA Kit for microRNAs and the Agilent RNA 6000 Nano Kit for total RNA (Agilent, Santa Clara, CA).
In the microRNA RT-PCR analysis, each microRNA sample was amplified using TaqMan preamplification procedure and TaqMan panel A primers (Applied Biosystems, Life Technologies, Grand Island, NY). The TaqMan assays performed were miR-34a (ABI No. 000,426, hsa-miR-34a) and three control genes, sno-135 (ABI No. 000,460; hsamiR-135a), sno-202 (ABI No. 002,579, mmu-miR-202-5), and U6 (ABI No. 001,973, U6 snRNA). MiRNA assays were conducted at a dilution of 1:1,000. A no enzyme control in the reverse transcriptase (RT) step was included as a negative control.
In the mRNA RT-PCR analysis, reverse transcription was performed using the QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA). The TaqMan assay performed was Sirt1 (ABI No. Mm00490758_m1) and three reference genes, Gapdh (ABI No. Mm99999915_g1), B2M (ABI No. Mm00437762_m1), and Hprt1 (ABI No. Mm00446968_m1). The amplification curves were analyzed using the AB SDS software (Applied Biosystems, Life Technologies) to determine the threshold cycle (C t )values. All miRNA and mRNA samples had three biologic replicates, and each biologic replicate was also run in triplicate; therefore, the data for each time point are an average of nine individual replicate runs, in accordance with recommendations for RT-PCR best practices [12] .
Tissue preparation for in situ hybridization: Three male mice at 4, 18, and 24 months of age were used. Eyes were collected under RNase-free conditions and placed in 10% neutral buffered formalin (Sigma Aldrich) overnight at room temperature in tissue cassettes. After fixation, the eyes were removed from formalin and washed with 0.1 M PBS (HyClone Laboratories, South Logan, UT, catalog # SH30256.01) without Magnesium, Calcium and Phenol Red, (1X: 1.0581 mM Potassium Phosphate Monobasic, 154.0041 mM Sodium Chloride, 5.6002 mM Sodium Phosphate Dibasic, pH range 7.0-7.2 ) 2X for 15 min each. The eyes were then dehydrated through a series of graded ethanols and cleared in xylene before being embedded in paraffin with known orientation. All mouse eyes were cut in a sagittal plane through or near the optic nerve at 6 µm under RNase-free conditions by thoroughly wiping down the microtome, forceps, water bath, etc., with RNase Zap (Ambion, Life Technologies, Carlsbad, CA) and using RNase-free water (Ambion, Life Technologies) for floating sections. Sections were mounted on SuperFrost Plus (Fisher Scientific, Pittsburgh, PA) slides obtained from a newly opened package.
MicroRNA in situ hybridization:
Paraffin sections were airdried at room temperature for 1.5 h and stored at 4 °C until the day before in situ hybridization, at which point they were hotplated at 60 °C for 45 min, returned to 4 °C, and used the following day. In situ hybridization was implemented according to the guidelines stated in the miRCURY LNA microRNA ISH Optimization Kits (FFPE) protocol (Exiqon, Woburn, MA). Slides were treated with Proteinase K at 15 µg/ml for 10 min at 37 °C. Hybridization was performed at 54 °C for the following: 5′-digoxigenin (DIG) labeled (U6) and double DIG (scrambled and miR-34a), LNA-modified oligonucleotide ISH probes. The following probe concentrations were used: LNA scrambled probe (40 nM), U6 (1 nM), and miR-34a (60 nM). Positive probe labeling was blue/ purple. Nuclei were visualized using Nuclear Fast Red counterstain (Vector Laboratories Inc., Burlingame, CA)
Tissue preparation for immunohistochemistry: Three male mice at 4, 18, and 24 months of age were used. Eyes were collected and for orientation in paraffin, the superior region of each eye was marked using tissue dye (The Davidson Marking System, Bradley Products, Bloomington, MN, catalog #1003-6) before enucleation with curved scissors. Each excised eye was fixed in 10% neutral buffered formalin overnight at room temperature before being embedded in paraffin as follows: 2×15 min in PBS, 2×15 min in 50% ethanol, 2×15 min in 75% ethanol, 2× 15 min in 95% ethanol, 2×15 min in 100% ethanol, 2×15 min in xylene, and 3×40 min in paraffin. Each eye was placed in a paraffin mold in an orientation-specific manner. First, the eye was manipulated so that the previous corneal marking was in the 12 o'clock position. Next, the eye was rotated so that the anterior segment faced the right side of the mold before the embedding ring was placed on top, thus preserving the orientation of the eye, such that when the mold was released from the block, the superior orientation was maintained, and a sagittal section made of the eye when the block was sectioned. Sections were cut using a Leica RM2125RT microtome (Leica, Nussloch, Germany) at 6 μm. Due to the previous orientation of each eye in the paraffin-embedding step, a section through the optic disc represented a sagittal section.
Sirt1 immunohistochemistry:
Briefly, sections were placed on SuperFrost Plus microscope slides (Thermo Fisher Scientific, Waltham, MA) and dried overnight at room temperature. Sections were deparaffinized in xylene and hydrated through gradient alcohols, and washed in PBS. Antigen retrieval was performed at 98 °C using 1X Dako Target Retrieval Solution (DakoCytomation, Carpinteria, CA, catalog # S1699) for 20 min and left at room temperature for 20 min before washing with PBS containing 0.05% Tween 20 (Sigma-Aldrich). Finally, the slides were blocked using 5% donkey serum in PBS buffer for 3 h at room temperature.
The slides were incubated in 2 μg/ml rabbit anti-human SIRT1 (LifeSpan BioSciences, Seattle, WA, catalog # LS-B1564) diluted in blocking buffer overnight at 4 °C. After primary antibody exposure, sections were washed in PBS containing 0.1% Tween-20, and then incubated with 6 μg/ml biotinylated donkey anti-rabbit IgG immunoglobulin (Jackson ImmunoResearch, West Grove, PA, catalog # 711-065-152) diluted in PBS containing 0.05% Tween-20 for 30 min, washed, and incubated for 30 min in Vectastain ABC-AP reagent (Vector Laboratories, Burlingame, CA, catalog # AK-5000). Negative controls consisted of an isotypematched immunoglobulin used at the same concentration as the primary antibody. Color was developed using the BCIP/ NBT alkaline phosphatase substrate (Vector Laboratories, catalog # SK-5400). The slides were then washed, counterstained with Nuclear Fast Red (Vector Laboratories, catalog # H-3403), washed again, dehydrated, cleared in xylene, and coverslipped using VectaMount permanent mounting media (Vector Laboratories, catalog # H-5000).
RESULTS

RT-PCR of miR-34a in the mouse retina:
Expression of miR-34a was upregulated with age in the retina at 18, 24, and 32 months when compared to 4 months ( Figure 1A ). Differences in miR-34a expression levels between the 4-and 24-month-old retinas were statistically significant at p<0.01. The largest fold change (FC) was observed in the retina at 24 months compared to 4 months (FC=15.04). The 32-month-old retina still showed upregulation compared to the 4-month-old retina (FC=3.18); however, there was downregulation at 32 months compared to 24 months.
RT-PCR of miR-34a in the mouse RPE/choroid:
MiR-34a was upregulated with age in the RPE/choroid at 18 and 24 months compared to 4 months ( Figure 1B) . Differences in miR-34a expression levels between 4 and 24 months were statistically significant at p<0.01. The largest fold change (FC=9. 16) was observed between the 24-and 4-month-old age group. However, miR-34a was downregulated at 32 months when compared to 24 months. The expression level of miR-34a in the RPE/choroid at 32 months was similar to that observed at 4 months. Figure  2 illustrates in situ hybridization (ISH) results of miRNA-34a in the mouse retina at 4, 18, and 24 months. ISH localized miR-34a expression mainly to the cytoplasm of individual cells, and it appeared confined to specific regions within the retina. In the 4-month-old mouse, miR-34a expression had a strong signal in the photoreceptor inner segments (ISs) and scarcely in the outer nuclear layer (ONL; see the inset in Figure 2B ) of the retina. In the 18-month-old mouse retina ( Figure 2D ), distribution was observed in the ganglion cell layer (GCL), inner nuclear layer (INL), and photoreceptor ISs, with the addition of diffused labeling visible in the outer nuclear layer (ONL). Expression levels at 18 months were greatly increased as evidenced by the strong, definitive labeling pattern. In the 24-month-old retina ( Figure 2F ), distribution was seen in the GCL, INL, ONL, and ISs, and the overall intensity of labeling appeared to be stronger when compared to the 18-month-old mouse retina. MiRNA-34a expression increased with age, especially in the photoreceptor ISs.
In situ hybridization of miR-34a in the mouse retina:
In situ hybridization of miR-34a in the mouse RPE: Figure  3 illustrates ISH results for the RPE layer at 4, 18, and 24 months. MiR-34a expression within the RPE layer exhibited age-related upregulation. In the 4-month-old mouse retina ( Figure 3B ), labeling is barely visible in the cytoplasm surrounding the nucleus of the RPE. By 18 months of age ( Figure 3D ), the labeling is much more intense and noticeable and is even more pronounced at 24 months ( Figure 3F ). These results are in agreement with the RT-PCR data and indicate upregulation of miR-34a in the RPE with aging.
RT-PCR of miR-34a target mRNA, Sirt1, in the mouse retina and RPE: Age-related change in the expression of the miR-34a target mRNA, Sirt1, was analyzed using RT-PCR (Figure 4) . The Sirt1 mRNA showed more than a twofold upregulation in the retina ( Figure 4A ) and more than a fivefold upregulation in RPE ( Figure 4B ) at 18 months compared to the 4-monthold animals. Differences in the Sirt1 mRNA expression levels between 4 and 18 months were statistically significant for the retina and the RPE (p<0.01; Figure 4A ,B, respectively). The level of expression dropped at 24 months in the retina (FC=0.40) and the RPE (FC=-1.84). The downregulation of Sirt1 mRNA expression in the RPE at 24 months was Immunohistochemistry of Sirt1 protein, sirtuin 1 in the retina and RPE: Age-related changes in the level of expression and tissue distribution were examined for one of the miR-34a regulatory targets, Sirt1 protein or sirtuin 1, using immunohistochemistry approach on the paraffin sections of mouse eyes ( Figure 5 ). The level of sirtuin 1 expression was increased at 18 and 24 months compared to 4 months. The Sirt1 protein was detected in the outer limiting membrane (OLM), outer plexiform layer (OPL), occasional nuclei in the INL, and inner plexiform layer (IPL; Figure 5B ,D,F). There was an increase in the level of Sirt1protein labeling along the basal side of the RPE (inserts in Figure 5B ,D,F) with age.
Statistical analysis:
For the RT-PCR experiments, RNA was isolated from each tissue from three animals (biologic replicates) at four ages for a total of 12 animals. Each sample for RT-PCR analysis was performed using three biologic replicates, and each biologic replicate was run in triplicate. Therefore, the data for each time point were an average of nine individual replicate runs. Raw RT-PCR data for miR-34a expression were normalized to the geometric mean of the three control small RNAs (sno-135, sno-202, and U6) and calibrated to 4-month-old samples. To test our hypothesis Figure 2 . Visualization of miR-34a expression in the mouse retina using in situ hybridization. Paraffin sections of the mouse retina were examined using in situ hybridization at 4, 18, and 24 months of age. Images are from the ventral region near the optic nerve. There were three samples (n=3) for each of the three time points, for a total of nine animals (N=9). The representative images are shown. A scrambled probe was used as a negative control for each time point at 4 (A), 18 (C), and 24 months (E) of age. Negative controls did not label; the pink staining is Nuclear Fast Red stain. A miR-34a probe was used to localize miR-34a expression at 4 (B), 18 (D), and 24 months (F) of age. MiR-34a labeling is blue/ purple, and the nuclear counterstain is pink. At 4 months (B), miR-34a expression is localized in the inner segments (IS) and scarcely in the outer nuclear layer (ONL; see inset) of the retina. By 18 months (D), expression is observed in the ganglion cell layer (GCL), inner nuclear layer (INL), and more intensely in the IS and the ONL. At 24 months (F), miR-34a expression is in the GCL and the INL, with more intensity and strong expression in the IS and the ONL. Scale bar=20 μm.
that miR-34a expression increases with age, a pairwise t test for statistical significance between the aged groups was performed using a one-tailed unpaired Student t test. Statistically significant differences were defined as p<0.05. To ensure that our number of biologic replicates could detect significant changes in the levels of miR-34A expression, these data were used to perform power calculations. Power and sample size calculations were performed using the online statistical tool, Power & Sample Size Calculator, from Statistical Solutions. When the mean value of 14 for the 24-month-old animals and the mean value of 0.5 for 4-monthold animals were considered, using the power of 0.8, the sample size for the test was calculated at n=1. When n=3 was entered, our sample size for each age group, the power of the test was calculated at 1. These calculations show that three biologic replicates at each age, given the standard means that were experimentally determined, satisfied the requirements for power in our experimental design. The same protocol was followed for Sirt1 RT-PCR, except that the three reference genes were Gapdh, B2M, and Hprt1.
DISCUSSION
We have provided a report on the age-related changes of miR-34a expression in the normal adult C57BL/6J mouse retina and RPE. MiR-34a expression increased with age in the retina and the RPE up to 24 months of age, and the results were consistent for RT-PCR and ISH. Our results agree with the work of Li et al. [6] , who identified miR-34a as a noninvasive biomarker for brain aging in C57BL/6J mice. They showed that the miR-34a temporal increase in expression could be detected in peripheral blood mononuclear cells (PBMCs) and plasma samples, which correlates with the increase in neural tissue of the brain. Our results confirmed this for neural tissue in the eye, specifically the neuroretina and the RPE.
It is interesting that another process described in the mouse retina, as well as the RPE/choroid, follows a similar time course as miR-34a, increased mitochondrial DNA (mtDNA) oxidative damage and an age-related decrease/ deficiency of DNA repair enzymes [14, 15] , as a function of normal aging. Wang et al. demonstrated increased damage to mtDNA in the GCL, INL, and ISs of mouse photoreceptors with age, as well as the RPE. These are the same regions where we observed the strongest upregulation of the intensity of labeling of miR-34a with age. Wang et al. observed colocalization of 8-OHdG, an indicator of oxidative DNA damage, and manganese superoxide dismutase (MnSod) in the photoreceptor ISs that was intense in old retinas compared to young retinas, which corresponded with our findings of miR-34a upregulation in older retinas. This makes sense since the photoreceptor ISs contain a high density of mitochondria [16] . This suggests that miR-34a may play a role in senescence and in increased oxidative damage to the aging retina and the RPE.
MiR-34a expression decreased between 24 and 32 months of age in the retina and the RPE ( Figure 1A,B, respectively) . Although the expression was still higher than at 4 months, the level of expression at 32 months decreased to the same level as observed in the 18-month-old retina and below that for the 18-month-old RPE/choroid. This downregulation of the level of expression of miR-34a could be the result of age-related Figure 3 . Visualization of miR-34a expression in the mouse RPE using in situ hybridization. Paraffin sections of the mouse RPE were examined using in situ hybridization at 4, 18, and 24 months of age. Images are from the ventral region near the optic nerve. There were three samples (n=3) for each of the three time points, for a total of nine animals (N=9). The representative images are shown. A scrambled probe was used as a negative control for each time point at 4 (A), 18 (C), and 24 months (E) of age. Negative controls did not label; pink staining is Nuclear Fast Red. A miR-34a probe was used to localize miR-34a expression at 4 (B), 18 (D), and 24 months (F) of age. MiR-34a labeling is blue/purple (indicated with white arrows), and the nuclear counterstain is pink. At 4 months (B), barely perceptible miR-34a expression is seen in the cytoplasm of the RPE cells. By 18 months (D), expression is much more visible and still in the cytoplasm. At 24 months (F), miR-34a expression is visibly pronounced and remains cytoplasmic. Scale bar=20 μm.
epigenetic regulatory changes or epigenetic drift in the regulatory regions of the miR-34a gene, i.e., methylation of the CpG islands that the miR-34a promoter is embedded in, as happens in squamous cell carcinoma [17] and many other cancers [18] .
The observation that miR-34a is downregulated in the mouse eye with advanced age is novel, but the significance of this observation is not clear. There are opposing streams of evidence as to whether a high level of expression of miR-34a is beneficial or deleterious to the cells. High levels of miR-34a expression inhibit the cell cycle, which might be beneficial to an organism with cancer or age-damaged cells. MiR-34a has been described as a tumor suppressor because its upregulation induces apoptosis in several types of cancer cells [19, 20] . Yamakuchi et al. have shown that miR-34a regulates silent information regulator 1 (Sirtuin or SIRT1) expression [21] . MiR-34a inhibits SIRT1 expression through a miR-34a-binding site within the SIRT1 3′ UTR, leading to an increase in acetylated p53 and expression of transcriptional targets of p53 that regulate the cell cycle and apoptosis. Interestingly, miR-34a itself is a transcriptional target of p53, suggesting a positive feedback loop between p53 and miR-34a [22] . Thus, miR-34a functions as a tumor suppressor, in part, through a SIRT1-p53 pathway.
However, another body of research suggests that high levels of miR-34a expression might be deleterious to cells.
Although miR-34a increases with age, its prime target, Sirt1, decreases, creating an inversely proportional relationship [6] . Our data support that statement. We found an inversely proportional relationship between the levels of expression of miR-34a and Sirt1 mRNA in the retina and the RPE at 18 months and 24 months of age. Although miR-34a showed mild upregulation at 18 months in the retina and the RPE and maximum expression in the 24-month-old retina and RPE compared to the 4-month-old retina and RPE ( Figure 1A,B) , Sirt1 showed exactly the opposite ( Figure 4A,B) . Sirt1 expression was highest at 18 months in the retina and RPE, while expression decreased at 24 months to the same level in the retina or less in the RPE, as the 4-month-old animals.
Sirt1 has been identified as playing an important role in protecting cells from oxidative stress and DNA damage [21] , which accumulates with time. Several animal studies have Figure 5 . Sirt1 immunohistochemistry in the aging posterior mouse eye. There were three samples (n=3) for each of the three time point, for a total of nine animals (N=9). The representative images are shown. Sagittal sections near the optic nerve of 4-(B), 18-(D), and 24-(F) month-old mice were immunolabeled using a rabbit anti-human SIRT1 antibody that cross reacts with mouse tissue. Sirt1 labeling was observed along the basal edge of the RPE (white arrows). Sirt1 was also detected in the OLM (black arrow), the OPL, occasional nuclei in the INL, and the IPL. Negative controls using isotype-matched rabbit immunoglobulin (IgG) at the same concentration as the SIRT1 antibody are shown for the 4-(A), 18-(C), and 24-(E) month-old animals. Scale bar=20 μm. OLM=outer limiting membrane, OPL=outer plexiform layer, INL=inner nuclear layer, IPL=inner plexiform layer.
examined the role of Sirt1 in the aging eye, and an excellent review of the current knowledge about Sirt1 and ocular aging was provided by Mimura et al. [23] . Sirt1 is expressed in retinal cells, as well as other ocular tissues, and upregulation of Sirt1 in animal models provides a protective effect against various ocular diseases, such as retinal degeneration, optic neuritis, and uveitis [23] . According to these authors, downregulation of miR-34a would be beneficial and neuroprotective for the eye, since it would increase the availability of the protective Sirt1 protein. Hou et al. showed that high levels of miR-34a can lead to inhibition of the proliferation and migration of ARPE-19 cells through downregulation of some of the target cell cycle genes [24] , which might be an obstacle to RPE cell growth and the repair process in the aging eye.
Our examination of the sirtuin 1 age-related change of expression and distribution in the eye using immunohistochemistry showed an increase in expression at 18 and 24 months compared to 4-month-old animals ( Figure 5 ). We observed an age-related increase in labeling in the OPL and the OLM. In the RPE, we observed cytoplasmic age-related accumulation of Sirt1 labeling in the basal region of the RPE, above Bruch's membrane. Localization of Sirt1 in retinal tissue is somewhat controversial. Cytoplasmic localization of Sirt1 in the adult retina has been observed by Maloney et al. [25] , while Jaliffa et al. described Sirt1 localization as mainly nuclear in the normal mouse retina [26] . We realized that immunohistochemistry does not represent a quantitative measurement, and as a result, we do not have a basis for statistically treating these data for significance.
In conclusion, our results show that miR-34a is a putative aging biomarker for the retina and the RPE in the mouse. Furthermore, these results taken together suggest that miR-34a represents an attractive potential aging marker, modulation of which might become an interesting target for further research in protection against ocular diseases related to oxidative stress-induced retinal damage.
